This study investigated the feasibility, accuracy and clinical potential of creating polymer hard copies of echocardiographic data using stereolithography.
Despite numerous reports on the clinical potential of three-dimensional (3D) echocardiography, this method has found only limited application in routine clinical practice (1) (2) (3) (4) (5) . This may in part be related to present limitation of 3D echocardiography, such as the considerable expertise and time necessary to define representative image planes for reconstruction, difficulties in the interpretation of 3D images that are not truly 3D but virtual two-dimensional (2D) images on a flat computer screen, and finally the complexity of reconstruction algorithms that greatly influence the way structures are perceived (6) . Thus, even holographic methods have been applied (7, 8) to convey information about the 3D structure of objects.
Ultimately, true 3D representation of cardiac structures may better be achieved by creating tangible models. Such models can serve as a hard copy of echocardiographic data sets and could provide both visual and tactile information of cardiac structures that may enhance the currently employed display on a computer screen.
Stereolithography, a computerized, laser-induced polymerization process, creates polyacrylic models from computer-aided design (CAD) drawings. Such models are now increasingly used by industry to design components for numerous applications, including automobiles, aircrafts and computers. Recently, this technique has also been applied in medicine, mostly to create replicas of skeletal structures from computer tomography (CT) scans (9, 10) to aid in complex maxillofacial surgery and orthopedic surgical pro-cedures to create "accurate to fit" osteosynthetic grafts (11) (12) (13) .
Despite its increasing use in various medical fields, the application of stereolithography in cardiology so far has been very limited. This study was performed to test the hypothesis that transesophageal echocardiographic data can be used to create precise 3D models of cardiac structures such as mitral valves (MVs). Thus, we developed a prototype interface between echocardiography and stereolithography to create tangible polyacrylic models in both in vitro and in vivo settings. We sought to validate measurements obtained from the models and to determine whether diagnostic information can be provided for cardiac structures such as MVs.
METHODS
In vitro validation. Seven latex balloons were filled with saline solution to create phantoms with varying sizes (ranging from 9.0 to 75 cm 3 ). The balloons were suspended into a water tank and scanned with a HP Sonos 5500 ultrasound system (Hewlett-Packard, Andover, Massachusetts) using a multiplane TEE probe (5.0 to 6.2 MHz) interfaced to 3D image acquisition software (TomTec, Unterschleissheim, Germany). Ninety planes were recorded during a 180°r otational scan (2°increments) and stored on a magnetooptical disc.
Porcine liver tissue was fixated with 4% formaldehyde solution. From these, 12 specimens with varying shapes and sizes (0.9 to 7.2 cm length, 1.4 to 25.8 cm 3 volume) were prepared. The specimens were suspended into a water tank and imaged with the described instrumentation. Volumes of the balloons and liver specimens were determined by waterdisplacement method.
In vivo studies. Transesophageal 3D echocardiography was performed in 13 patients (14 studies) with the instrumentation described above to obtain 3D data sets of the MV. Written informed consent was obtained from all individuals. Five studies were performed in the operating room under general anesthesia, three in the intensive care unit and six in an ambulatory setting. Eight patients were mechanically ventilated at the time of the study. All 13 patients were in sinus rhythm; however, one patient developed atrial fibrillation during the acquisition procedure. The clinical indications for the transesophageal echocardiography (TEE) study and the MV abnormalities that were found during the procedure are listed in Table 1 .
Image processing. The recorded data sets were transferred to a 3D workstation (TomTec, Unterschleissheim, Germany) for postprocessing. For in vivo studies, end-systolic and end-diastolic frames were selected. The region of interest was defined and extracted from the data set. The image review feature of the system was applied to define the long axis of the structure (phantom, specimen or MV). Perpendicular equidistant short axis cut planes of the data set were reconstructed in predefined intervals along the long axis. These images were then exported to an image analysis environment (NIH [ Amb ϭ ambulatory; Ao ϭ aorta; Av prosth ϭ aortic valve prosthesis; ICU ϭ intensive care unit; MR ϭ mitral regurgitation; MS ϭ mitral stenosis; MV ϭ mitral valve; MVP ϭ mitral valve prolapse; OP ϭ intraoperative study.
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Stereolithographic Biomodeling Using Echocardiographic Data software, version 6.25) where image segmentation using gray scale thresholding was performed to extract actual structures from speckle noise (background). The segmented images were then interfaced to the stereolithograph (Fig. 1 ).
The pixel size and slice thickness (distance between short axis cut planes) were recorded and used by the stereolithograph to compute the dimensions of the model.
Stereolithography.
Modeling was performed with a commercially available stereolithograph (SLA 250). A detailed description of the methodology of stereolithography has been published previously (9, 14, 15) . Briefly, the system uses a continuous ultraviolet 325-nm helium-cadmiummultimode laser with a beam diameter of 0.24 mm. An optical system containing several dynamic mirrors directs the laser beam to the surface of the processing chamber. This chamber is filled with a liquid polyacrylic polymer, which solidifies upon heating, by the laser. A control computer (IBM compatible, Pentium CPU, 166 MHz) steers the laser beam (x, y axis) to polymerize areas on the surface layer according to the multidimensional digital ultrasound images. Successive layers (z axis) are added by means of an auto-leveling system, which incrementally lowers the platform on which the model is built to expose a new surface layer (Fig. 2) .
Validation and comparison. IN VITRO STUDIES.
Volumes of liver specimens and balloons were compared with those obtained from the acrylic models using the waterdisplacement method. To analyze the accuracy with which the system is able to create models, an analysis of size and geometry was performed. This was done by comparing the maximal height, width and thickness of the liver specimens to their corresponding models.
IN VIVO STUDIES.
Evaluation and interpretation of the reconstructed cardiac structures was performed by two blinded observers. The observers were provided with both a systolic and a diastolic model of the MV and were required to determine the diagnosis (i.e., mitral stenosis, MV prolapse) and the location of the defect according to the topographical classification of MV proposed by Carpentier et al. (16) .
Statistical analysis.
All values are expressed as mean Ϯ SD. Correlations of measurements obtained from the hardcopy replicas and the actual phantoms and from the liver specimens were assessed by linear regression analysis. The limits of agreement were assessed as described by Bland and Altman (17) .
RESULTS
In vitro studies using balloon phantoms and liver specimens. Modeling of all balloon phantoms and liver specimens could be performed. ). Figure  3 depicts the regression analysis and the corresponding Bland-Altman plots for volume measurements. As shown in Figure 3 , an excellent agreement was also found for the comparison of the maximal dimensions (length, width and height) of the liver specimen and the corresponding models (r ϭ 0.99, SEE ϭ 0.16 cm, mean difference ϭ Ϫ0.03 Ϯ Figure 1 . Image processing procedure: A rotational TEE scan is performed to acquire a volumetric data set. The images are transferred to a 3D workstation for postprocessing to reconstruct paraplane images. Image segmentation is performed off-line. The segmented images are then exported to the stereolithograph where they serve as a digital 3D pattern to create physical models.
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Binder In vivo evaluation of mitral valves. Twelve of 14 (86%) studies were suitable for 3D imaging; one patient had to be excluded owing to intermittent atrial fibrillation, which did not permit RR interval thresholding, another to displacement of the probe during acquisition, which led to artifacts in the reconstructed data set. Twenty-four models of MVs (systolic frame n ϭ 12, diastolic frames n ϭ 12) were created. The morphology of the MV in each of these studies is listed in (Figs. 7 and 8 ) and allowed visual and tactile examination of each specimen and identification by the blinded observers. Models of systolic frames clearly demonstrated the presence of MV prolapse and/or flail leaflets and permitted the exact classification and location of the defect as determined by TEE (Fig. 7) . A regurgitant orifice was visible in three of six (50%). Models created from diastolic frames were particularly helpful in the diagnosis of mitral stenosis (Fig. 8) and allowed the assessment of MV area and geometry. Intraoperative classification of the MV pathology as proposed by Carpentier (16) was performed in all patients who underwent surgery (n ϭ 5). In all cases, the extent, morphology and location of the defect as described by the surgeon corresponded to the defect seen on the models (Fig.  7) .
DISCUSSION
The presented data demonstrate the feasibility, accuracy and reproducibility of using stereolithography to create highprecision, true-to-scale biomodels from 3D echocardiographic data sets. Furthermore, this study shows the potential of stereolithography to provide a detailed description of MV morphology and pathology in patients.
Stereolithography has previously been used to create models of the MV in patients with mitral stenosis (18) . However, Gilon et al. (18) used a different methodology for a different purpose. They studied the effect of MV leaflet geometry on pressure and flow in such patients. In contrast to the methodology used in our study, Gilon et al. employed a transthoracic spark-gap transducer locating system and required retracing of leaflet contours to achieve wire frame reconstructions of the MV. Although this approach is suitable to study hemodynamic effects of various geometries of stenotic valves, it is less clear if such models can be used for diagnostic purposes.
Stereolithographic modeling in comparison to 3D echocardiography. The ability to provide tangible 3D hardcopies of cardiac structures greatly enhances visual perception. Three-dimensional imaging requires the assessment of rendering algorithms that can lead to misleading impres- Stereolithographic Biomodeling Using Echocardiographic Data sions, but solid models resemble true dimensions and allow direct measurements (6) . Stereolithographic models are transportable and can easily be viewed without the need of a computer and complex software. Although physicians trained in echocardiography are skillful in the interpretation of 2D scans and 3D shaded images, surgeons are not accustomed to interpret such images and may be able to obtain additional information from tangible models.
Potential applications of stereolithographic modeling.
Although attempts to predict clinical applications of this new technology are highly speculative at best, one might anticipate that stereolithographic models could ultimately be used to facilitate preoperative planning of complex surgical procedures, including valve repair, correction of complex congenital heart disease, and complex newer procedures designed to alter the geometry of the left ventricle, such as the Batista procedure (19) . Models of cardiac structures can be used as templates for surgery (i.e., for patch closure of defects or valve repair) and may ultimately offer the possibility of creating custom-built prostheses. In addition, hard-copy reconstructions could be a powerful research tool to study anatomy in different diseases and functional states (20) . Finally, such models are ideal for teaching purposes and could facilitate the communication between cardiologists and patients (21) .
Technical considerations/limitations. This method is limited by ultrasound image quality and the presence of artifacts and partial volume effects that occur during the image segmentation procedure (22) . However, ultrasound image quality is greatly improved with current imaging equipment. New technologies, including contrast echocardiography, second harmonic imaging, the use of power 
Doppler, and pulse inversion imaging (23) (24) (25) are incorporated into many imaging devices and may further enhance the application of stereolithographic modeling. Partial volume effects are caused by the segmentation process, which determines whether a pixel of the image corresponds to tissue or background. This task is performed by gray-scale thresholding, which classifies pixels with gray values greater than a given value (the threshold) as tissue. However, if an image voxel is occupied by both tissue and background, gray-scale averaging must be performed to determine its class membership. The resulting partial volume effect reduces the accuracy of the image (22) . To compensate for these effects, gray-value interpolation is performed. However, this approach has been validated only for CT scans and might not be suitable for ultrasound images, which generally display less distinct borders. Thus, refined postprocessing algorithms might be necessary to enhance further the accuracy of stereolithographic modeling from ultrasound images.
The specimens and balloons were scanned under optimized in vitro conditions without the need to compensate for respiration and cardiac motion. Although it is more difficult to obtain adequate data sets in patients, our study demonstrated that diagnostically accurate models can also be created under clinical conditions. Nevertheless, the quality of the models greatly depends on the quality of the acquired data set. Longitudinal displacement of the probe must be avoided, a narrow electrocardiogram and respiratory trigger interval must be chosen, and overall machine settings must be optimized. As discussed above, segmentation errors The present application must be considered a prototype. However, future developments such as improvements in image quality in general, refinement of segmentation algorithms, and the advent of volumetric scanning that allows instant acquisition of a complete 3D data set could greatly enhance the practicability and accuracy of this method (26) . Stereolithography is a complex off-line method, and modeling requires several hours. However, the experience in orthopedic surgery suggests that the investment in time is not a major limitation as surgery can be scheduled accordingly. Nevertheless, it will be of great importance to significantly reduce processing times. Finally, in comparison to conventional 3D computer image representation, the models do not display functional information, so that stereolithography would frequently have to be used in conjunction with conventional 3D display.
Future developments.
To enhance the applicability of stereolithographic modeling in cardiology, future developments must be targeted to increase the resolution, enhance the speed with which models can be created, and simplify image postprocessing.
The advent of "real-time-volumetric scanning" could greatly increase the speed with which 3D echocardiographic data sets can be acquired and avoid motion artifacts caused by long acquisition times. Further improvements in image quality will also translate into more accurate models. In addition, several improvements in stereolithographic modeling are on the horizon. Whereas older materials are relatively rigid, newer acrylic materials could allow the construction of flexible models. Epoxy resins could improve the accuracy of the models below 0.1 mm (9, 27) , and photosensitive materials could permit the construction of multicolored models that are ideal for didactic purposes (28, 29) .
In conclusion, stereolithographic modeling of echocardiographic images is feasible and allows rendering of tangible polyacrylic models that are true to scale, shape and volume. Even using current technology, stereolithographic models offer accurate depiction of MV anatomy and pathology in actual patients who underwent TEE in a clinical setting. The ability to provide tangible 3D hard copies of cardiac structures should add to our spatial understanding of cardiac anatomy and physiology and could ultimately have substantial impact on diagnosis, management and preoperative planning in complex cardiovascular disorders.
